10. Potentiometric surface of the Canadian River alluvial aquifer near a closed municipal landfill, Norman, Oklahoma, measured in multi-level sample wells 0.5 meter below the water Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as follows:°C =(°F-32)/1.8
Sea level: In this report "sea level" refers to the North American Vertical Datum of 1988--a geodetic datum derived from a general adjustment of the first-order level nets of both the United States and Canada.
Altitude, as used in this report, refers to distance above sea level.
Specific conductance is given in microsiemens per centimeter at 25 degrees Celsius (µS/cm at 25 C). 
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ABSTRACT
The City of Norman operated a solid-waste municipal landfill at two sites on the Canadian River alluvium in Cleveland County, Oklahoma from 1970 to 1985. The sites, referred to as the west and east cells of the landfill, were originally excavations in the unconsolidated alluvial deposits and were not lined. Analysis of groundwater samples indicate that leachate from the west cell is discharging into an adjacent abandoned river channel, referred to as the slough, and is migrating downgradient in ground water toward the Canadian River. The report describes the hydrogeologic features at the landfill, including the topography of the bedrock, water-level changes in the alluvial aquifer, and delineates the leachate plume using specific conductance data.
The leading edge of the leachate plume along the 35-80 transect extended over 250 meters downgradient of the west cell. The leading edge of the leachate plume along the 40-SOUTH transect had moved about 60 meters from the west cell in a south-southwesterly direction and had not moved past the slough as of 1997. Specific conductance measurements exceeding 7,000 microsiemens per centimeter at site 40 indicate the most concentrated part of the plume remained in the upper half of the alluvial aquifer adjacent to the west cell.
The direction of ground-water flow in the alluvial aquifer surrounding the landfill was generally north-northeast to south-southwest toward the river. However, between the west cell and the slough along the 40-SOUTH transect, head measurements indicate a directional change to the east and southeast toward a channel referred to as the sewage outfall. Near the 35-80 transect, at 0.5 meter below the water table and at the base of the aquifer, the direction of ground-water flow was south-southeast with a gradient of about 30 centimeters per 100 meters.
Generally, ground-water levels in the alluvial aquifer were higher during the winter months and lower during summer months, due to a normal decrease in precipitation and increased evapotranspiration in the summer. Hydrographs show temporal water-level changes in ground water and the slough, indicating a hydrologic connection between the alluvial aquifer and the slough.
INTRODUCTION
The City of Norman operated a solid-waste municipal landfill at two sites on the Canadian River alluvium in Cleveland County, Oklahoma from 1970 to 1985. The sites, referred to as the west and east cells of the landfill, were originally excavations in the unconsolidated alluvial deposits and were not lined. Operations stopped in 1985 and the west and east cells were closed and covered with a clay cap (Dixon and Popoola, 1992, p. 8) . Analysis of ground-water samples indicate that leachate from the west cell is discharging into an adjacent abandoned river channel, referred to as the slough, and is migrating downgradient in ground water toward the Canadian River ( fig.  1) (Schlottmann, 2001) . See Schlottmann (2001) for a description of waste disposal practices before 1970 on the Canadian River alluvium near the west and east cells.
This landfill is similar to thousands of abandoned landfills situated on sandy river bank deposits in Oklahoma and nationwide. Such sites are common locations for landfills because they are easy to excavate; however, they also typically contain alluvial aquifers that can be important sources of drinking water. This landfill was selected for study in 1994 as part of the Toxic Substances Hydrology Program of the U.S. Geological Survey and provides scientists the opportunity to study ground-water contamination resulting from a typical older municipal landfill. One objective of the study is to describe the site hydrogeology and the leachate plume distribution in the shallow alluvial aquifer at the landfill.
Purpose and Scope
The purpose of this report is to describe hydrogeologic features at the landfill, including the topography of the bedrock, and water-level changes in the alluvial aquifer, and to delineate the leachate plume using specific conductance data.
Data used in this report include drilling information, shallow seismic data, continuous ground-water level measurements in six wells, continuous surfacewater measurements in the slough, daily precipitation, potentiometric head measurements near the water table and at the base of the alluvial aquifer in 15 wells, and specific conductance of ground water from October 1995 to November 1997 (figs. 2 and 3).
Site Description
The closed landfill is located on the northeast side of the Canadian River on Quaternary alluvium in Cleveland County, Oklahoma. The west and east cells are about 186,000 square meters in area and rise 12 to 15 meters above the alluvium. A buried wastewater discharge pipe separates the cells and discharges effluent from the Norman Wastewater Treatment Plant into a stream referred to as the sewage outfall ( fig. 1 ). The sewage outfall is a channel that has been eroded into the alluvial aquifer by the wastewater effluent and discharge from the slough. The slough does not have an obvious source of water and is presumed to be fed by ground-water discharge and precipitation (Schlottmann, 2001 ). The combined waters in the sewage outfall flow south to the Canadian River ( fig. 1) . The Canadian River flows in a southeasterly direction and is about 600 meters southwest of the cells. In the mid1980s, the river flowed in the slough along the southwest edge of the landfill. The river moved to its present channel after a flood in 1986.
The Canadian River alluvial aquifer supplies ground water for many purposes in Cleveland County; however, there are no wells near the landfill that produce water for human consumption (Scott Christenson, U.S. Geological Survey, oral commun., 2001).
The alluvial aquifer generally consists of unconsolidated lenticular beds of clay, silt, sand, and gravel overlain by dune sand and is highly permeable. Hydraulic conductivity of the alluvium, excluding clayey layers, ranges from 8.4 × 10 -7 to 2.8 × 10 -4 meter per second (7.3 × 10 -2 to 24.2 meters per day), with a median value of 6.6 × 10 -5 meter per second (5.7 meters per day) (Scholl and Christenson, 1998, p. 18) . Underlying the alluvium is the Permian Hennessey Group, which consists of red-brown blocky shale containing layers of orange-brown siltstone and fine-grained sandstone (Bingham and Moore, 1975) . The thickness of the Hennessey Group is about 61 meters at Norman (Wood and Burton, 1968, p. 22) . The Hennessey Group is considered a confining unit because the primarily shale and siltstone beds have relatively low hydraulic conductivity.
The alluvial plain between the landfill and the river is relatively flat, with small sand dunes covered with willow and cottonwood trees, shrubs, and grasses (Schlottmann, 2001 ). An asphalt plant operates at the western edge of the west cell. The eastern edge of the landfill is undeveloped and heavily wooded.
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HYDROGEOLOGY
The hydrogeology of the alluvial aquifer at the landfill was characterized by a map showing the altitude of the underlying bedrock surface and by hydrographs showing changes in ground-water levels. Graphs show changes in surface-water levels in the slough and daily precipitation at the landfill.
Altitude of the Bedrock Surface
A map of the altitude of the bedrock surface (Hennessey Group) surrounding the closed landfill was constructed using drilling information at 42 sites ( fig. 4 and Appendix 1) and shallow seismic data collected along 19 survey lines (L1-L9, L33-L42) ( fig.  4 ). Forty sites were drilled by the U.S. Geological Survey as multi-level sample wells, slug test sites, temporary wells, and core sites. Information from two wells at the City of Norman Composting Facility was used ( fig. 1 ). Seismic data were collected by a shallow seismic shear-wave refraction method using a modified delay-time interpretation program (Jeffrey Lucius and Wilfred Hasbrouck, U.S. Geological Survey, written commun., 1998).
Water Levels and Precipitation
Six ground-water level monitoring wells (WLMAPE, WLMEAST, WLMNPD, WLMPLUME, WLMSOUTH, and WLMTS5), installed during 1997, continuously measured ground-water levels around the east and west cells. Each well had a well screen 1.39 meters in length and was positioned to intersect the water table throughout the year. The ground-water levels in the wells were measured by a vibrating-wire vented transducer, which recorded ground-water levels at 30-minute intervals with an accuracy of 3.5 centimeters. The measuring point elevations of the wells were measured to an accuracy of about 1 centimeter. Hydrographs in figures 5 and 6 show changes in ground-water levels for part of 1997 and all of 1998. Surface-water levels at the slough were recorded at 30-minute intervals by use of a gas-purge transducer with an accuracy of 0.061 centimeter. Graphs in figure  7 show surface-water levels measured in the slough from May 1996 to December 1998. Graphs in figure 8 show daily precipitation measured at the landfill near the slough from May 1996 to September 1998.
Ground-water levels
Generally, ground-water levels in the alluvium were higher during the winter months and lower during summer months, due to a normal decrease in precipitation and increased evapotranspiration in the summer (figs. 5 and 6). Change of ground-water levels from evapotranspiration were recorded as small, less than 5 centimeters, daily fluctuations during the growing season ( fig. 6 ). Well WLMEAST and well WLMNPD had the largest change in ground-water levels recorded in 1998, varying more than 2 meters. Well WLMTS5 had the smallest change, 1.68 meters. Hydrographs show ground-water levels generally rise within 24 hours of a precipitation event, which indicates the alluvium has high infiltration rates, confirming the high permeabilities measured.
Water levels in the slough were similar to ground-water levels; water in the slough generally was 0.5 to more than 1.0 meter higher during winter months and decreased during summer months ( fig. 7 ). The slough was dry during part of the summer of 1998. Hydrographs show temporal water-level changes in ground water and the slough, indicating a hydrologic connection between the alluvial aquifer and the slough ( fig. 8 ). Beaver dams at the southeast end of the slough may have affected water levels. During March 1997, an instantaneous drop in the water level of about 0.25 meter may have been the result of a beaver dam breaking.
Precipitation
Daily precipitation was measured near the surface-water gage at the slough by a tipping-bucket rain gage ( fig. 9 ). The total precipitation from January 1 to December 31, 1997, was 107 centimeters, about 18 percent above the 30 year (1961-90) average annual precipitation of 91 centimeters (Johnson and Duchon, 1994) .
LEACHATE PLUME DELINEATION
Maps showing the direction of leachate plume movement were constructed using potentiometric head measurements near the water table and at the base of the aquifer. Specific conductance was used to differentiate leachate-contaminated water from uncontaminated ground water in background wells upgradient from the west cell. Two transects and two areal maps . Changes in precipitation and ground-water levels at wells WLMSOUTH, WLMTS5, and WLMPLUME near a closed municipal landfill, Norman, Oklahoma. of specific conductance were constructed to delineate the vertical and horizontal distribution of the leachate plume.
Data Collection Sites
Data were collected from wells installed using several construction methods. The ground-water level monitoring well network was used for continuous ground-water level measurements and the multi-level sampler network permitted sampling and measurements from seven discrete intervals at each well location. The 17 multi-level-sampler well sites, 15 south, 1 west, and 1 north of the west cell, were composed of seven nested well casings staggered in length each with a screen 0.11 or 0.12 meter in length. Slug tests were used to measure hydraulic conductivity at 10 sites in temporary drive-point wells (Scholl and Christenson, 1998 ) (Appendix 1). The specific conductance of the ground water and leachate were measured during slug tests and in other temporary drive-point wells.
Direction of Ground-Water Flow at Shallow and Deep Depths
Potentiometric head was measured in 15 multilevel sampler wells on January 29, 1998. Figures 10 and 11 show the potentiometric surface, from which the direction of ground-water flow can be inferred. The direction of ground-water flow in the alluvial aquifer surrounding the landfill was generally northnortheast to south-southwest toward the river (Scholl and Christenson, 1998, fig. 2 ). However, between the west cell and the slough along the 40-SOUTH transect, head measurements indicate a directional change to the east and southeast toward the sewage outfall (figs. 10 and 11). Near the 35-80 transect, at 0.5 meter below the water table and at the base of the aquifer, the direction of ground-water flow was southsouthwest with a gradient of about 30 centimeters per 100 meters (figs. 10 and 11).
Vertical and Horizontal Plume Distribution Based on Specific Conductance
Maps were constructed from specific conductance data collected in the field from October 1995 to November 1997. The greatest specific conductance was used in the report when multiple measurements were available for a well or sampling point. The 2,000-microsiemens-per-centimeter contour was considered to be the estimated edge of the leachate plume, based on the range of specific conductance measurements in background wells and monitoring wells downgradient of the west cell. The vertical distribution of the leachate plume along the 35-80 and 40-SOUTH transects is shown on figures 12 and 13. The horizontal distribution of the leachate plume is shown at 328 to 329 meters above sea level, near land surface, and at 319 to 320 meters above sea level at the base of the alluvial aquifer (figs. 14 and 15). The selection of intervals for showing the horizontal distribution of leachate was based on the distribution and availability of data.
Along the 35-80 transect, the leachate appears to have flowed into and around a low permeability layer of silt and clay at a depth of about 4 meters ( fig.  12 ). The top of the leachate plume varied from 1.5 to 4.0 meters below land surface and extended under the slough to site 80. Below the clay layer, the plume extended downward to the base of the aquifer and downgradient of site 80. The leading edge of the plume extended more than 250 meters downgradient of the west cell. The plume at the base of the aquifer may be moving in the high permeability gravel layer at the base of the alluvial aquifer (Schlottmann, 2001) .
The leading edge of the leachate plume along the 40-SOUTH transect had moved about 60 meters from the west cell in a south-southwesterly direction and had not moved past the slough as of 1997 ( fig. 13 ). Specific conductance measurements exceeding 7,000 microsiemens per centimeter at site 40 indicate the most concentrated part of the plume remained in the upper half of the alluvial aquifer adjacent to the west cell. This may be due to discharge of the plume to the adjacent slough (Schlottmann, 2001) . A low permeability layer also appears along this transect at about 5.5 meters below land surface at sites 41 and 42.
At shallow depths, 328 to 329 meters above sea level, the southern edge of the leachate plume was located about 60 meters from the south end of the west cell along transect 40-SOUTH and does not appear to have moved past the slough ( fig. 14) . However, from the west and southwest sides of the west cell, the leading edge of the plume had moved about 200 meters downgradient from the west cell. The western edge of the plume at shallow depths was located Figure 15. Horizontal distribution of leachate plume at base of aquifer (319 to 320 meters above sea level) mapped using specific conductance downgradient from a closed municipal landfill, Norman, Oklahoma. Map was constructed using specific conductance measurements collected from October 1995 to November 1997.
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between wells MLS32 and MLS85-2 ( fig. 14) . The eastern and southeastern limits of the leachate plume could not be determined because of insufficient data. The most concentrated part of the plume near the base of the aquifer (319-320 meters above sea level), was measured at site 38, not near the base of the west cell (fig. 15) . The leading southern edge of the plume was probably moving downgradient in the high permeability layer at the base of the aquifer and may have been near well 89SL1 ( figs. 2 and 15) . Insufficient data west of well MLS32 and southwest of the 35-80 transect precluded delineation of the west and southwest edges of the plume. There were no data available for this interval at well MLS85-2.
SUMMARY
The City of Norman operated a solid-waste municipal landfill at two sites on the Canadian River alluvium in Cleveland County, Oklahoma from 1970 to 1985. The sites, referred to as the west and east cells of the landfill, were originally excavations in the unconsolidated alluvial deposits and were not lined. Operations stopped in 1985, and the west and east cells were closed and covered with a clay cap. Analysis of ground-water samples indicate that leachate from the west cell is discharging into an adjacent abandoned river channel, referred to as the slough, and is migrating downgradient in ground water toward the Canadian River.
The alluvial aquifer generally consists of unconsolidated lenticular beds of clay, silt, sand, and gravel overlain by dune sand and is highly permeable. Generally, ground-water levels in the alluvial aquifer were higher during the winter months and lower during summer months, due to a normal decrease in precipitation and increased evapotranspiration in the summer. Water levels in the slough were similar to groundwater levels; water in the slough generally was 0.5 to more than 1.0 meter higher during winter months and decreased during summer months. Hydrographs show temporal water-level changes in ground water and the slough, indicating a hydrologic connection between the alluvial aquifer and the slough.
The potentiometric head, measured at about 0.5 meter below the water table and at the base of the aquifer, shows that ground-water flows toward the sewage outfall at shallow and deep depths.
Along the 35-80 transect, the plume appears to have flowed into and around a low permeability layer of silt and clay at a depth of about 4 meters. Below the clay layer, the plume extended downward to the base of the aquifer and downgradient of the west cell. The leading edge of the plume extended over 250 meters downgradient of the west cell.
The edge of the leachate plume along the 40-SOUTH transect had moved about 60 meters from the west cell in a south-southwesterly direction and had not moved past the slough as of 1997. Specific conductance measurements exceeding 7,000 microsiemens per centimeter at site 40 indicate the most concentrated part of the plume remained in the upper half of the alluvial aquifer adjacent to the west cell. Appendix 1. Site and well information, bedrock altitude, and selected specific conductance and potentiometric-surface measurements of ground water near a closed municipal landfill, Norman, Oklahoma -Continued 
